Fusarium head blight (FHB), caused by the fungal plant pathogen Fusarium, is a fungal disease that occurs in wheat and can cause significant yield and grain quality losses. The present paper examines variation in the resistance of spring wheat lines derived from a cross between Zebra and Saar cultivars. Experiments covering 198 lines and parental cultivars were conducted in three years, in which inoculation with Fusarium culmorum was applied. Resistance levels were estimated by scoring disease symptoms on kernels. In spite of a similar reaction of parents to F. culmorum infection, significant differentiation between lines was found in all the analyzed traits. Seven molecular markers selected as linked to FHB resistance QTLs gave polymorphic products for Zebra and Saar: Xgwm566, Xgwm46, Xgwm389, Xgwm533, Xgwm156, Xwmc238, and Xgwm341. Markers Xgwm389 and Xgwm533 were associated with the rate of Fusarium-damaged kernels (FDK) as well as with kernel weight per spike and thousand kernel weight in control plants. Zebra allele of marker Xwmc238 increased kernel weight per spike and thousand kernel weight both in control and infected plants, whereas Zebra allele of marker Xgwm566 reduced the percentage of FDK and simultaneously reduced the thousand kernel weight in control and infected plants.
Introduction
Fusarium head blight (FHB) is a devastating disease that occurs in wheat and other small grain cereals worldwide. The disease results in the grain yield loss and negatively affects grain quality caused by contamination of the harvested grain with toxic fungal secondary metabolites (Bottalico and Perrone 2002 , Buerstmayr et al. 2009 , Chakraborty et al. 2006 , Mardi et al. 2005 , Marin et al. 2013 . This head infection is caused by several Fusarium species, like F. culmorum (W.G. Sm.) Sacc. F. graminearum Schwabe and F. avenaceum (Fries) Saccardo (Bottalico and Perrone 2002 , Parry et al. 1995 , Stępień et al. 2008 , Wiśniewska et al. 2014 . Wheat genotypes vary in the response to FHB. Unfortunately, high yielding wheat cultivars which are the best adapted to the prevailing environmental conditions very often demonstrates susceptibility to FHB. Breeding cultivars resistant to FHB are essential for disease control and the prevention of mycotoxin contamination (Edwards 2004 , Pirgozliev et al. 2003 , Yuen and Schoneweis 2007 . However, selection of wheat genotypes with improved resistance to FHB during the breeding process is difficult, because the resistance to FHB is a quantitative trait modulated by genetic factors in the host plant and pathogen, and by environmental conditions-particularly effects of temperature and rainfall from flowering to the soft-dough-stage of kernel development are important (Chełkowski et al. 2000 , Cowger et al. 2009 , Mesterházy 1995 , Mesterházy et al. 2002 , Miedaner 1997 , Snijders 2004 . This leads to significant genotype-environment (GE) interaction (Buerstmayr et al. 2009 , Miedaner et al. 2001 , Warzecha et al. 2011 . Because of this GE interaction, multiple independent phenotyping experiments are needed to estimate the level of resistance and for this reason screening wheat breeding materials for resistance to FHB is time-consuming and Breeding Science 66: 281-292 (2016) costly (Hollins et al. 2003) . Schroeder and Christensen (1963) suggested two components of resistance to FHB: resistance to initial infection (type I) and resistance to infection spread within the host (type II). Further types (or components) of resistance to FHB such as resistance to kernel infection (type III) and resistance to toxin accumulation (type V) were proposed by Mesterházy (1995) , Mesterházy et al. (1999) . Moreover, the reduction of yield and/or yield-related traits after artificial inoculation have been accepted as the measures of resistance (type IV) (e.g., Buerstmayr et al. 2009 , Chełkowski et al. 2000 , Warzecha et al. 2010 . In mapping studies involving the identification of QTLs for FHB resistance, type II has commonly been used as the measure of resistance, as it is easier to assess than other types (Buerstmayr et al. 2002 (Buerstmayr et al. , 2003 .
Several studies reported that the response to pathogenic infection may be influenced by the morphological and developmental characteristics of the host plant, such as plant height (Draeger et al. 2007 , Mesterházy 1995 , Paillard et al. 2004 , heading date (Klahr et al. 2007 , Miedaner et al. 2006 , spike awness (Chrpova et al. 2011 , Mesterházy 1995 , Snijders 1990 , Tamburic-Ilincic et al. 2007 , spike compactness (Schmolke et al. 2005 ) and anther extrusion (Kubo et al. 2013 , Skinnes et al. 2010 . These two groups of traits can be controlled by different closely linked genes/ QTLs, or the pleiotropic effect of a gene/QTL for both groups of traits may occur. Regardless of the genetic basis of observed dependencies, morphological characteristics may be helpful for breeders in the selection of breeding materials.
The majority of wheat varieties cultivated in central Europe is moderately resistant to FHB (Kosová et al. 2009 ). Varieties with improved resistance can be achieved by conventional selection of breeding lines tested in induced or natural epidemic conditions. However, such selection is difficult and cost intensive. Molecular markers could be a good tool for augmenting conventional selection. In wheat populations examined so far, several loci connected with resistance to FHB have been localized. For example, Bernadro et al. (2012) , Buerstmayr et al. (2002 Buerstmayr et al. ( , 2003 , Häberle et al. (2007) , Mardi et al. (2006) , Somers et al. (2003) and Yang et al. (2005) identified QTLs for different types of FHB resistance on chromosomes 3A, 5A, 7A, 1B, 3B, 4B and 7B. However, in spite of numerous studies on the inheritance in wheat of resistance to FHB, only a few markers seem to be promising (for a review, see Buerstmayr et al. 2009) . A major FHB resistance QTL, Qfhs.ndsu-3BS, has been identified in spring wheat cultivar Sumai 3, and SSR markers Xgwm389 and Xgwm533 were found to be close to this QTL. It is worth emphasizing that Xgwm533 is defined as a diagnostic marker for Fhb1 . Somers et al. (2003) identified FHB QTLs in Chinese wheat line Wuhan-1 on 3BS and 4BS that were close to SSR markers Xgwm566 and Xgwm238, respectively. SSR marker Xgwm156 localized on chromosome 5A was reported by Szabó-Hevér et al. (2014) as linked to Frontana-derived resistance QTL. Niwa et al. (2014) found two other markers on 5AS, Xgwm304 and Xgwm 293, which were associated with resistance to FHB. Jia et al. (2005) reported that markers Xgwm46(7B) and Xgwm341(3D) showed significant associations with FHB resistance. Klahr et al. (2007) also identified QTL for FHB severity in winter wheat genotypes which was situated near to the marker Xgwm46. In turn marker Xgwm149 localized on 4B close to Qfhi.nau-4B (named Fhb4) has been used to FHB resistance analysis (Xue et al. 2010) . Noteworthy, the most of SSR markers related to FHB resistance appeared to be associated with other characteristics, such as, plant height, spike length, protein content, grain weight and heading date (Häberle et al. 2007 , Kuchel et al. 2006 , McCartney et al. 2003 , Patil et al. 2009 , Susuki et al. 2012 .
As mentioned above, resistance to FHB, similar to yieldforming traits, is quantitatively inherited. It was assumed in this study, that genes with minor effects conditioning this trait, may be dispersed along the parental genomes. It was showed by Mather and Jinks (1982) and Jinks and Pooni (1976) that dispersion of genes conditioning a given quantitative trait in parental genomes results in similar mean values of that trait in parents. In the progenies of such parents association of genes in homozygous lines may be expected as a result of recombination. Lines in which desirable alleles are associated show the effect of transgression (e.g., increased resistance to FHB) (Kuczyńska et al. 2007a (Kuczyńska et al. , 2007b . The objective of the present study was to assess the variability of spring wheat lines derived from a cross between two cultivars moderately susceptible to FHB, which do not carry the major genes for FHB resistance, in respect of resistance to FHB (type III) and two yield-related traits, kernel weight per spike (KWS) and thousand kernel weight (TKW). In addition, the aim was to determine whether based on phenotype evaluation and analysis of molecular markers linked to QTLs for FHB resistance it is possible to select within such population lines of a low susceptibility to FHB and simultaneously having improved yield-related parameters compared to both parental cultivars.
Materials and Methods

Plant material
A population of 198 F 2 -derived recombinant inbred lines (RIL) of spring wheat was developed from a cross between the cultivars Zebra and Saar (Z/S). Zebra is a Swedish elite bread cultivar (registered in Poland), with awnless spikes. Saar is a breeding line from CIMMYT (Mexico), with awned spikes, with partial resistance to powdery mildew and leaf rust (Lillemo and Skinnes 2006 , Lillemo et al. 2008 , 2013 , so their genetic backgrounds may be expected to be different. In other field experiments, both cultivars have proved to be moderately susceptible to FHB (data not shown). No resistance sources carrying known resistance QTLs/genes of large effect were present in either cultivar pedigree; Zebra was developed from Ralle/Dragon and Saar from Sonoita-F-81/Trap-1//Baviacora-M-92 cross combinations.
Recombinant inbred lines were developed by using single seed descent (SSD) technique (Goulden 1939 ) associated with in vitro culture of embryos. F 1 plants were selfed to produce F 2 generation. In F 2 and in each next generation, immature seeds were collected about 14-16 days after flowering, the embryos were dissected and then cultured in vitro on B5 medium (Gamborg et al. 1968) . SSD lines were developed starting from 400 F 2 individuals. SSD technique was applied until F 6 generation, in which all seeds from individual F 6 plants were collected and then multiplicated during two years (F 7 and F 8 generations) under field conditions.
Field experiments
Recombinant inbred lines (F 9 ), along with their parental cultivars, were evaluated for resistance to Fusarium head blight (FHB) in field experiments conducted in 2010-2012 at Cerekwica (Western Poland, 52°53'N 16°67'E). Experiments were established on a luvisol type of soil and each year fertilizer was added according to soil-test recommendations for cultivation of spring wheat. In each year, the experiment was carried out in a completely randomized design with three replications. Plants were grown on 1-m 2 plots with the distance of 0.5 m between plots. Each plot consisted of six 1-m rows with 20 cm space between rows. Sowing density was 300 seeds per 1 m 2 . Control plots were established at the same manner on experimental fields located at a distance of 2.5 m from plots designed for inoculation. Before sowing, the seeds were treated with 'Sumin' (OrganikaAzot, Jaworzno, Poland) at a rate of 3 g kg -1 to control seedborne diseases. In each year seeds were sown in the first half of April. For weed control Granstar ® Ultra SX ® 50 SG (DuPont, Warsaw, Poland) was used in a dose of 40 g ha -1
in 300:l of water at the tillering stage.
The mean values for temperature and precipitation in May-July in the years 2010-2012 are presented in Supplemental Table 1 .
FHB test
Wheat heads were inoculated with a mixture of a conidial suspension of Fusarium culmorum (W.G.Sm.) Sacc. isolates originating from the collection of the Institute of Plant Genetics (Poznań, Poland): KF846 and KF350 (IPO348-01). Isolates were incubated with autoclaved wheat grain in glass flasks for about 1 week in darkness at 18°C and next exposed to UVA light ("black light" 350 nm) under 16 h of photoperiod at 15°C for about 3 weeks. Flasks were shaken thoroughly at 24-hour intervals to loosen kernels colonized with mycelium. Grain with visible sporulation on the kernel surface was air dried and stored in refrigerator at 4°C until usage. At the date of inoculation grain with Fusarium mycelium was suspended in distilled water for 1 h and filtered through two layers of cheesecloth to obtain conidial suspension. Conidia concentration was adjusted to 5 × 10 4 ml -1 with a chemocytometer. Inoculations were performed individually on each plot at the beginning of anthesis (Z61), and repeated about 3 days later at full anthesis (Z65). The date of inoculation in particular years was as follows: June 22-28 in 2010, June 13-21 in 2011, and June 11-18 in 2012. After inoculation micro-irrigation during 2 days was used. For each genotype control plots in three replications were established. At harvest, 20 randomly selected heads were collected from each inoculated and control plot and threshed manually. In the harvested samples, kernels were visually scored and divided into two categories: healthylooking and Fusarium-damaged kernels (FDK) (Fig. 1) . Kernel samples were adjusted to 13% moisture. FHB severity was estimated as the percentage of damaged kernels in terms of kernel weight and in terms of the number of kernels, constituting traits FDK1 and FDK2, respectively. Furthermore, the KWS of infected (KWS_I) and control (KWS_C) plants was recorded and 1000-kernel weight was calculated for FDK (TKW_I) and control (TKW_C) kernel samples and then reduction (in %) of KWS and TKW was estimated as KWS_R = (KWS_I/KWS_C) × 100 and TKW_R = (TKW_I/TKW_C) × 100.
Molecular markers
Microsatellite markers, as known as simple sequence repeat (SSR) markers, which had been reported to be close to the QTL regions responsible for FHB resistance were used for genotyping of the studied population: Xgwm389 (Buerstmayr et al. 2003) , Xgwm533 (Buerstmayr et al. 2003 , Yang et al. 2005 , Xgwm304 (Buerstmayr et al. 2003) , Xgwm156 (Gosman et al. 2007 ), Xgwm149 (McCartney et al. 2007 ), Xgwm566 (McCartney et al. 2007 , Xgwm341 (Jia et al. 2005) , Xgwm46 (Häberle et al. 2007 ) and Xwmc238 . Characteristic of the SSR markers used is presented in Supplemental Table 2 .
Genomic DNA was extracted from leaves of 14-day-old seedlings using a Wizard ® Genomic DNA Purification kit (Promega). The extracts were diluted to 50 ng μl -1 and stored at -20°C. Microsatellite primer sequences for Xgwm and Xwmc markers were obtained from Röder et al. (1998) , Somers et al. (2004) and the GrainGenes database (http:// www.wheat.pw.usda.gov). PCR reactions were performed in 25 μl volumes containing 250 nM of each primer, 0.2 mM of each of dNTP, 1× PCR buffer, 1.5 mM of MgCl 2 , 1.0 unit of Taq DNA polymerase, and 50 ng of genomic DNA. The samples, denatured at 94°C, were submitted to 45 cycles of 1 min denaturation at 94°C, 1 min annealing at 55°-60°C (depending on the Tm of primers), and 2 min elongation at 72°C, with a final extension of 10 min at 72°C. For PCR amplifications, a Gene AMP PCR system 9700 thermal cycler (Applied Biosystems) was used. Microsatellite alleles were detected on an Applied Biosystems 3130 Genetic Analyzer.
Statistical methods
The data for FDK1 and FDK2 were processed by twoway analysis of variance, in which the years and genotypes (i.e., lines) were the sources of variation (fixed effects). For KWS and TKW observed on infected and control plots, genotypes, years and treatment were taken as the sources of variation. Broad sense heritability coefficients were computed for FDK1, FDK2, KWS and TKW (for the last two traits separately for the two levels of treatment) using the formula
, where σ G 2 , σ GE 2 , σ e 2 denote variance components for lines, line × environment interaction, and error, respectively, estimated by the restricted maximum likelihood (REML) method.
The significance of the relationships between phenotypic traits and SSR markers was assessed using the F-test in analysis of variance; in this analysis, observations of heterozygotes were treated as missing values (the fraction of heterozygotes for markers varied from 0 to 8%). Additive marker effects were calculated as half of the difference between the mean values for marker classes (Zebra-Saar). The differences between awned and awnless groups of lines regarding the examined kernel traits were estimated and tested with F statistic. All computations were performed in Genstat 16 (VSN Int. 2013) .
Results
Large differences in FHB severity were observed between the years both for parental cultivars and RILs (Table 1) . Parental cultivars differed slightly in their response to infection with F. culmorum: the mean (over the years) percentage of damaged kernels after inoculation was higher in Saar than in Zebra samples, but the difference was significant only for FDK1 (Fig. 2, Table 1 ). Infection with F. culmorum resulted in a reduction of KWS and TKW. The mean reduction of KWS in infected plants was 65.48% in Zebra and 58.54% in Saar, whereas the mean reduction of TKW was 59.92% and 68.97% in Zebra and Saar, respectively (Figs. 3, 4 , Table 1 ).
The mean values of the analyzed traits in individual years differed over a wide range; for example, the mean percentage for FDK1 in RIL samples in 2010 was 11.11%, but in the next year it was 50.77%. In each year, a large differentiation among the lines within population was observed, and this was reflected in a large difference between extreme lines and in the coefficients of variation ( Table 1, Figs. 2-4) . In 2010, low disease severity was observed in general, but the coefficients of variation (CV) for FDK1 and FDK2 were high (63.05% and 54.90%, respectively), whereas in the next two years the average infestation of lines was markedly higher and the coefficient of variation was between 22.00 and 35.90%. Among the studied traits the lowest variation in successive years was recorded for TKW and KWS in the control, for which CV ranged between 8.71-10.15% and 14.59-19.01%, respectively, while the variation of these traits in inoculated lines increased to 16.76-20.28% for TKW_I and 15.49-31.28% for KWS_I (Supplemental Table 3 ).
Lines derived from the Zebra/Saar cross varied significantly in terms of all the observed traits ( Table 1) . Results of analyses of variance for FDK1 and FDK2 showed significant (P < 0.001) variation between genotypes and years as well as significant genotype-environment (GE) interaction ( Table 2) . For KWS and TKW, three-way analysis of variance revealed the significant (P < 0.001) influence of genotypes, years, treatment (inoculation and control) as well as all types of interactions of variation of these traits. Variation in the reduction of KWS and TKW was influenced significantly by genotypes and environments ( Table 2) . Coefficients of broad sense heritability for observed traits in inoculated RILs were a relatively high and amounted from 54.87% for FDK to 78.45% for TKW (Table 3) ; heritability for the reduction of traits was not computed due to inability of inclusion of the GE interaction.
The lines of the studied population differed in terms of awness (Supplemental Table 4 ). Some differences in the observed traits were recorded between these two groups of lines. (Supplemental Table 3 ). The percentage of Fusariumdamaged kernels in samples of awned genotypes was generally lower than that of awnless ones, but these differences were only significant (P < 0.05) in 2011. TKW was significantly higher in the awned group of lines in each year, both in control and inoculated plants, whereas KWSwas markedly higher in awned lines in the control in 2010-2012, while in infected plants only in 2011 (Supplemental Table 3 ).
Molecular marker analysis
Out of the nine markers used, seven gave polymorphic alleles for Zebra and Saar: Xgwm566 -123 and 133 bp, Xgwm46 -167 and 143 bp, Xgwm389 -null and 115 bp, Xgwm533 -137 and 113 bp, Xgwm156 -null and 287, Xwmc238 -231 and 233, and Xgwm341 -126 and 124 bp, respectively. Additive effects of markers for observed traits were estimated in each environment separately, because of the highly significant GE and GET interactions ( Table 2) . A significant (at P < 0.01 except two cases at P < 0.05) main effect of the marker on the rate of Fusarium-damaged kernels was found for Xgwm566, Xgwm46, Xgwm389 and Xgwm533, and for all these markers no significant interaction with the year was found, either for FDK1 or for FDK2 (Table 4) . Such interaction for these traits was only revealed for the marker Xwmc238, and this was because the additive effect of the marker being positive, although not significantly, in 2010 and 2011, and then significantly negative in 2012 (Table 4, Supplemental Table 5 ).
ForKWS, both the main effects of the markers Xgwm389, Xgwm533 and Xwmc238 and the interaction of these markers with the year were significant (P < 0.01). This resulted from their additive effects being generally positive, but not significant in all years. The additive effects of the marker Xgwm566 were negative under control conditions and positive under treatment conditions which resulted in a significant marker × treatment interaction. For the marker Xgwm46, both marker × year and marker × treatment interactions were significant as an effect of the different signs of the effects in different year by treatment combinations. All the markers used were significantly associated with TKW (at P < 0.01). The effects of Xgwm566, Xwmc238 and Xgwm341 did not interact with the year or treatment, whereas for Xgwm46, Xgwm389 and Xgwm533 marker × year interaction was highly significant. Marker × treatment interaction was only significant for Xgwm156.
The markers Xgwm389 and Xgwm533 were associated with the rate of Fusarium-damaged kernels in wheat samples originating from infected plots, as well as with KWSand TKW in control plants, with the Zebra alleles contributing positive effects both for FHB resistance and kernel weight. Increased KWS and TKWwere found as an effect of the Zebra allele of marker Xwmc238 in both control and infected plants. In the case of the marker Xgwm566, the allele from Zebra decreased the percentage of FDK but simultaneously reduced KWSin control conditions. In infected plants the effects of the Zebra allele for KWS were definitely positive (significant in two environments), what was also reflected in its positive effect on KWS_R. Additionally, the Xgwm566 allele from Zebra reduced TKW in both control and infected plants differently and influenced (P < 0.10) on TKW_R ( Table 4, Supplemental Table 5 ).
Selection of lines
The correlation coefficient between the mean values for lines (over years) for FDK1 and FDK2 was 0.96 (P < 0.001). The correlations between FDK1 and FDK2 on one hand, and KWS measured on treated plants on the other, were significantly negative (-0.51, -0.62, P < 0.001), indicating an obvious relationship between infection of kernels and kernel weight. The correlations between percentage of infected kernels (FDK1, FDK2) and TKW were not significant. However, line no. 82 (Z/S 13), 136 (Z/S 168) and 142 (Z/S 176), characterized by large TKW for both control and treated plants, were among the lines with less than average infection symptoms (FDK1 < 32.13%) (Fig. 5) . Their marker genotypes and phenotypic values are presented in Table 5 . All three selected lines were characterized by significantly higher TKW than better scoring parent, both in control and after inoculation conditions. Positive value indicates Zebra allele has higher mean value than Saar allele.
Discussion
FHB evaluation
In this study, an RIL population of spring wheat derived from Zebra × Saar hybrids developed by using the single seed descent technique was evaluated in three years with respect to its response to artificial inoculation with F. culmorum.
Disease symptoms were observed on kernel samples, for which the percentage of FDK fractions, expressed as the weight and number of infected kernels, was recorded. The results of statistical analyses revealed the occurrence of GE interaction and the highly significant influence of environment on the variability of the studied genotypes. This result is in agreement with numerous other studies, in which genotype-environment interaction for FHB infection has been observed in wheat and other cereals (e.g., Buerstmayr et al. 2002 , Ma et al. 2006a , Miedaner et al. 2001 , Warzecha et al. 2011 , Yan and Hunt 2001 .
High influence of environments (years) on variability the studied RILs in their reaction to infection was probably the result of strong differences between years, mainly in amount and distribution of precipitation during May-July period, especially between 2010 and other two years. Zebra/Saar lines varied in their response to infection with F. culmorum. Coefficients of variation for traits associated with the response of lines to FHB were relatively high, although parental cultivars not significantly differed: the mean percentage (across environments) of Fusarium-damaged kernels in Zebra samples was over 10-12% lower than that for Saar.
Our results confirm the quantitative nature of resistance to FHB, which has been frequently reported in the literature (e.g. Anderson 2007 , Bernardo et al. 2012 , Buerstmayr et al. 2002 , Mardi et al. 2006 , Yang et al. 2004 . The large variation of lines within the population observed in each environment, and relatively small differences between parents indicate the dispersion of genes controlling resistance to FHB along parental genomes, which was confirmed by molecular analyses.
Association between awness and resistance to FHB
In the literature, some morphological traits, such as plant height, earliness and awness are indicated as associated with resistance to FHB (Chrpová et al. 2011 , Klahr et al. 2007 , Mesterházy 1995 , Miedaner et al. 2006 . Out of these three traits awness is morphological trait that is not dependent on environmental conditions. In case of finding a significant relationship between awness and FHB, this feature could be Table 3 ). This was visible in the lower percentages of FDK and higher TKW in both control and infected plants. Similar observations on the predominance of awned wheat genotypes over awnless ones in their resistance to FHB were reported by Chrpová et al. (2011) , Snijders (1990) and Tamburic-Ilincic et al. (2007) . Slower FHB on awned genotypes can be the result of spike morphology: awns can hinder the access of spores to open spikelets. In contrast, Mesterházy (1995) reported that awned wheat cultivars were more susceptible to FHB, probably because they may accumulate more spores on the spikes and maintain humidity for a longer period, which is conducive to disease development. However, genetic determinants of the association between spike awness and resistance to FHB can not be excluded-there are reports that one of two FHB resistance genes in Sumai 3 and one of FHB-resistance QTL in Renan appeared to be linked to the B 1 gene located on 5AL chromosome that determines spike awness Suenaga 2000, Gervais et al. 2003) . Results of our study confirmed only phenotypic association between resistance to FHB and spike awness because none of the markers used giving polymorphic products for Zebra and Saar was localized close to the B 1 gene. The relationships between spike awness and resistance to FHB may be a result of pleiotropic or linkage effects of genes involved in controlling these features; close linkage and pleiotropy are still difficult to separate (Buerstmayr et al. 2009 , Malihipour et al. 2015 .
Association between SSR marker polymorphism and resistance to FHB Out of the nine SSR markers applied in the present studies, and chosen as being linked to the QTLs associated with the resistance of wheat to FHB, two markers, Xgwm304 and Xgwm149, did not give polymorphic products for the parental cultivars Zebra and Saar. The marker Xgwm304 has been localized on chromosome 5A at a distance of 14 cM from the marker Xgwm156 (Somers et al. 2004) . In the present studies, the marker Xgwm156 gave different products for Zebra and Saar, but its association with the percentage of Fusarium-damaged kernels (resistance type III) was not significant and the interaction of marker effect with treatment was only found to be importantfor TKW.
The markers Xgwm389 and Xgwm533 were significantly associated with all the analyzed traits and Zebra alleles decreased the percentage of FDK, increased KWSand TKW in all environments. These markers have been localized close to each other on chromosome 3BS (Bernardo et al. 2012 , Ma et al. 2006b , Mardi et al. 2005 , and most probably this is the reason for the similar results obtained for these markers. Yang et al. (2005) reported that the marker Xgwm533 was associated with FHB incidence and FHB spread as well as with kernel infection. This was also revealed in our experiments. Cuthbert et al. (2006) found the marker Xgwm533 at a distance of 5.88 and 6.30 cM from the major FHB (type II) resistance gene Fhb1 in two populations of wheat containing different sources of resistance: Sumai3 and Nyubai. In our studies, the marker Xgwm533 indeed gave product for Zebra of different length (137 bp) than that for Sumai3 and Nyubai (141 and139 bp), but this marker appeared to be significantly associated with the resistance to type III FHB.
It may be noted that the markers Xgwm566, Xgwm46, Xgwm389 and Xgwm533, for which significant effects for the rate of infected kernels after inoculation with F. culmorum (FDK1 and FDK2) were confirmed by statistical analysis, appeared also to be associated with the TKW of plants in both control and infected plots (except Xgwm389, where marker × treatment interaction was significant). With the exception of Xgwm566, alleles of three other markers (Xgwm46, Xgwm389 and Xgwm533) contributed by Zebra increased TKW. Wang et al. (2009) found the marker Xgwm533 linked to QTL controlling TKW, which was considered as corresponding to the QTL for TKW described by Groos et al. (2003) , and also to QTL for grain filling parameters. On the other hand, in the present studies the marker Xwmc238, localized on chromosome 4B (Somers et al. 2004) , was strongly associated with KWS andTKW , but its association with FHB resistance was not so evident, because only marker × year interaction was significant.
Association between the markers applied in these studies and TKW is not unexpected, because this trait is controlled by a number of QTLs distributed on almost all of the wheat chromosomes (e.g. Varshney et al. 2000) . This trait is an important element of yield structure with relatively high heritability and the relationships between the markers Xgwm46, Xgwm389 and Xgwm533 and QTLs controlling both the rate of FDK and TKW seem to be promising for breeding, because marker-assisted selection for resistance to FHB can be combined with selection for kernel weight; however, because marker × year interaction is significant for that trait, these markers may not always be useful for selecting high TKW.
Conclusions
The broad variation of lines within the RIL population and the relatively small differences between parents, which do not carry the major gene/s for resistance to FHB, indicate the dispersion of genes with small effects along Zebra and Saar genomes. These results also show that, in wheat, segregants/recombinants of improved resistance to FHB could be selected among progenies of parents with a similar moderate susceptibility to infection. In addition, associations between markers Xgwm46, Xgwm389, Xgwm533 and the rate of Fusarium-damaged kernels as well as TKWindicate that marker-assisted selection for resistance to FHB can be combined with selection for kernel weight. However, such a combined selection will not always be effective due to marker × year interaction for TKW-performance of selected genotypes can be affected by environment.
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